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The formation of aggregates in a system of particles is a very common phenomenon observed in various experimental situations such as, for instance, the flocculation in colloids [1] . the coagulation of aerosols [2] . and free radical chemical gelation [3] . When the clusters grow from particles initially dispersed in a fluid., numerous basic physical phenomena come into action in this nonequilibrium growth process : translational and rotational Brownian motion, attractive and/or repulsive forces between particles, shear of the fluid and hydrodynamic interactions are some of the most important.
In this Letter, we report the first experimental results obtained from the study of aggregates in a two-dimensional dispersion of macroscopic spheres submitted to a shear when attractive forces between particles are present.
The first stage in the clustering process is the formation of a doublet of particles which was first studied by Smoluchowski [4] . He examined the simple case of a particle moving by translational Brownian diffusion, meeting a « target » particle and sticking onto it in an irreversible (*) Equipe de Recherche Associee au C.N.R.S., no 1000.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyslet:0198500460206700 way when the two particles come in contact. In such a treatment, one neglects the hydrodynamic interactions between particles and in particular the slow elimination of the film of fluid between close particles (lubrication) [5] . One also neglects the interparticle forces (described for instance. in the DLVO theory [1]). Depending upon their variation with interparticle distances, these forces give rise to an irreversible aggregation of the two particles coming into contact or to the formation of a doublet in which the two particles remain separated by a small distance. In this last case. the doublet may eventually be broken due to various causes such as Brownian motion or hydrodynamic shear. The formation of a doublet may also have a convective aspect related to the existence of a shear in the fluid. In this case., one has a convective-diffusive phenomenon the effect of which is to increase the rate of formation of doublets [6] . At the limit where the particles are large enough (size typically larger than 1 ~m) for the Brownian and non-hydrodynamic effects to be unimportant, one observes the formation of a temporary reversible doublet, whose mean life is inversely proportional to the shear rate [7] .
The growth of clusters containing a larger number of particles has been the object of numerous recent studies in two limiting cases (purely Brownian or purely hydrodynamic).
1) In the Brownian case., studies on diffusion-limited aggregation have been initiated by Witten and Sander [8] . They study the growth of a cluster by progressive adjunction of particles reaching it after a random walk and irreversibly sticking to it. The spatial structure of these clusters has a scale invariance and one can define a Hausdorf' dimension DF related to the Euclidean dimension d by the approximate relation Dp/~ -0.83 for 2 d 5 (DF = 1.68 for d = 2) [9] . In the same spirit. the recent works by Kolb et al. [10] . Meakin [11] , Vicksek and Family [12] deal with the kinetical growth of clusters by diffusion-limited aggregation of isolated particles and clusters.
2) In the purely hydrodynamic case, a percolation-like approach has been proposed by de Gennes [13] . It is based on the existence of reversible temporary doublets whose life time, 0, varies with the shear rate G (0 '" G -1). The rate of formation of such a doublet is proportional to G. Thus the probability P for one object to be involved at any time in a collision doublet is independent of G and depends only on the density of particles. This behaviour is different from that of hard spheres in a gas for which the contacts are instantaneous (the probability P approaches zero). When the particle density increases, the probability for a sphere to be involved in a larger structure increases and multiplets are formed. These clusters are dynamical in the sense that they are permanently gaining and losing particles : so at any time a well defined size distribution of clusters is observed. The existence and the size distribution of these clusters have been experimentally established in the case of bidimensional dispersions of macroscopic monodisperse spheres [14] . Using a dynamic molecular-like simulation of dispersions of 25 to 100 particles. Bossis Figure 1 shows that the viscous fluid-air and viscous fluid-water interfaces are deformed by the spheres so that the area of the two interfaces increases and the gravitational potential energy is modified. As far as we know, there is no theoretical treatment of such a system. We can however refer to the work of Marcerou [17] who examined the case of two vertical cylinders partially immersed in water. The free energy minimization of such a system (taking into account the gravitational and the interfacial energy) shows that the resultant interaction is attractive. In our experimental situation it also appears that the interaction between spheres is always attractive. Under the action of these forces, two where G(r) is the shear rate at M with OM = r (R2 &#x3E; r &#x3E; Rl, 0 being the centre of the cylinders). Owing to the values of R 1 and R2, G &#x3E; is about ~2/2.
We characterize the strength of the attractive forces between spheres by the time t necessary for two particles placed at a given distance, I, to come into visual contact in the suspension at rest [18] . The value of / (1= 1 cm) has been chosen by reference to the capillary length (a few millimeters). Figure 2 shows Case a (cf. Fig. 3a ). -When A is equal to zero or small (no rotation or intense capillary forces associated with a low shear) the clusters show branched structures ( Fig. 3a) with voids of different scales.
In figure 4 we have plotted log N versus log R where, for a given cluster, N represents the number of centres of spheres inside a circle of radius R (normalized with regard to the particle radius). The slope of the linear best fit of experimental points gives the Hausdorff dimension DF = 1.7 ± 0.05. This value is in good agreement with the one obtained in the numerical simulation of Witten and Sander [8] and the one (1.64 ± 0.13) derived from the results obtained in a similar experiment by Allain and Jouhier [16] where the two-dimensional aggregation was also obtained with capillary attractive forces and negligible shear. We must point out that the latter value is obtained from the relation between the mean radius of a cluster and the number of objects in it [19] .
However our results are in good agreement with the model of Witten and Sander, this accord can be fortuitous because from observation we deduce that we have a cluster-cluster aggregation process rather than a particle-cluster one. Case b (Fig. 3b ). -For A of a few tenths, we observe a single cluster containing all the spheres (Fig. 3b) figure 3c . For this value of A, we are still in the irreversible case but there is now a complementarity between the two effects : attractive and hydrodynamic forces bring spheres into contact and the shear structures the clusters to make them compact (hexagonal structure). Furthermore, the number of clusters increases with the shear rate. Similar behaviour has been observed in suspensions of alumina particles where the mean size of clusters decreases when the shear increases [20] . Case d (Fig. 3d ). -For A varying from approximately 4 or 5 to 10, clusters lose their hexagonal structure and tend to form an annular ring located in the central part of the viscometer gap (Fig. 3d) . In this case, the observed clusters are not permanent and can gain and lose particles. The shear rate is probably higher than the shear threshold and the attractive forces should increase the life time of a given cluster. This point remains to be quantitatively checked. One can see that almost all spheres are located in the middle part of the gap. Such a behaviour with depleted layers has been observed, for instance, in hemorheology (plasmatic layers) [21] . In our case, we can assume that such a phenomenon is due to the fact that the resultant attractive forces acting on the spheres located near the inner or outer cylinders are directed towards the middle of the gap.
Case e (Fig. 3e ). -For higher values of A (no attractive interaction) we can observe statistical clusters covering the whole viscometer gap area. These perfectly reversible clusters have been studied in detail previously [15] (Fig. 3e) . 4 . Conclusion.
The experiments described in this Letter show that the introduction of attractive forces in a dispersion of macroscopic spheres produce important modifications in the geometrical organization of clusters. The relative strength of these forces and hydrodynamic forces due to the shear seems to govern the aggregation processes in our experimental situation. These variations allow us to observe a wide variety of geometrical configurations, from self-similar objects, analogous to the clusters obtained in numerical simulations of the diffusion-limited aggregation, to statistical and reversible clusters analogous to percolation clusters. Between these two limiting configurations the joint effects of the attractive and hydrodynamic forces lead to a regular and completely different organization of the dispersion. The role of topological constraints, more important in two-than in three-dimensions, should also be considered even if, as shown by experimental observations on three-dimensional suspensions [20] , it is not a crucial one. Supplemented by a more precise study of attractive forces, these experiments may give access to the study of some important questions such as : -the kinetic aspects in aggregation processes : the constitution and evolution of clusters from individual spheres and, on a larger scale, the constitution and evolution of big clusters from smaller ones, -the influence of aggregation on the rheological properties of the dispersions, -the role of the concentration : from the point of view of the final geometrical configuration and from that of the rheological properties.
